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Abstract  
The va lues  of e l e c t r o n  conten t  obtained by observa t ions  of Faraday e f f e c t  
f o r  t h e  per iod Ju ly  1961 t o  October 1964 a r e  presented .  These va lues ,  when 
combined wi th  va lues  obta ined  by o the r  workers a t  a t i m e  when t h e  sun was more 
act ive,  enable  us t o  s tudy  t h e  d iu rna l ,  seasonal ,  and sunspot dependence 
of t h e  e l e c t r o n  conten t  and t h e  s l a b  th ickness .  These exper imenta l ly  measured 
q u a n t i t i e s  a r e  then  r e l a t e d  t o  t h e  physical  q u a n t i t i e s  such as t h e  d i f f u s i o n  
c o e f f i c i e n t ,  and t h e  e l e c t r o n  and i o n  temperatures  by us ing  a d i f f u s i o n  t r ans -  
p o r t  mode 1. 
The seasonal  dependence of t h e  e l e c t r o n  conten t  and t h e  s l a b  th i ckness  
a r e  not  i n  agreement. Poss ib l e  causes of seasonal  anomaly are examined i n  
terms of a d i f f u s i o n  t r a n s p o r t  l a y e r .  The most favored mechanism seems t o  
be t h e  change of composition of t h e  minor c o n s t i t u e n t  0 o r  N 
2'  2 
mr- I L A G  slab thickczss is fzunc! te i ~ c r e s e  with increasing magnetic a c t i v i t i e s .  
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1. In t roduc t ion  
The s tudy  of t h e  e l e c t r o n  con ten t  i n  t h e  ionosphere has  been c a r r i e d  ou t  
f o r  about h a l f  of t h e  sunspot cyc le .  A major po r t ion  of t h e s e  measurements 
makes use of t ransmiss ions  from s a t e l l i t e s ,  and t h e  remaining p o r t i o n  makes 
use of r e f l e c t i o n s  from t h e  moon. This paper d e a l s  w i th  some of t h e s e  r e s u l t s .  
The paper starts wi th  t h e  p re sen ta t ion  of d a t a  deduced from observa t ions  
of Faraday e f f e c t  on 54 mc/s t ransmi t ted  by t h e  s a t e l l i t e  1961 Omicron 1 (Trans i t  
4 A ) .  This  s a t e l l i t e  was launched i n t o  o r b i t  on June 29, 1961. The nodal per iod 
of t h e  s a t e l l i t e  is  103.8 minutes, i n c l i n a t i o n  66.82 , apogee 1006 km and 
pe r igee  873 km. The observations,made a t  Urbana, I l l i n o i s ,  cover  t h e  per iod 
from Ju ly  1961 t o  October 1964. 
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Curves are presented t o  show t h a t ,  s easona l ly ,  t h e  e l e c t r o n  conten t  a t  
midday has  maxima i n  equinoxes and m i n i m a  i n  s o l s t i c e s  ( see  s e c t i o n  4 ) ,  whi le  
t h e  s l a b  th i ckness  has  a maximum i n  summer and a minimum i n  win te r  ( see  s e c t i o n  
7). This  sugges ts  t h a t  temperature  plays an important r o l e ,  e s p e c i a l l y  on 
t h e  coupl ing  of t h e  conjugate  ionospheres through t h e  protonosphere.  A t e n t a -  
t i v e  exp lana t ion  i s  g iven  i n  s e c t i o n  4 .  
The e l e c t r o n  con ten t  a t  midday has been found to  have a non-l inear  depen- 
dence on t h e  sunspot number near t h e  minimum s o l a r  a c t i v i t y ,  whi le  many obse rve r s  
have found t h a t  a l i n e a r  r e l a t i o n  e x i s t s  f o r  sunspot number l a r g e r  than  50 
(see s e c t i o n  5 ) .  The decay of e l ec t ron  content  a t  n igh t  i s  p red ic t ed  t o  be 
exponen t i a l  by t h e  d i f f u s i v e  t r anspor t  model. The exponen t i a l  decremerii is 
propor t iona l  t o  t h e  r a t i o  of t h e  d i f f u s i o n  c o e f f i c i e n t  a t  t h e  base of t h e  
l a y e r  and t o  t h e  square  of t h e  i o n i c  s c a l e  he igh t .  Therefore ,  t h e  s tudy  of 
e l e c t r o n  decay a t  n igh t  g ives  some information on t h e  d i f f u s i o n  c o e f f i c i e n t  
and t h e  i o n  temperature  as shown i n  sec t ion  6. The seasonal  and d i u r n a l  var ia -  
t i o n s  of s l a b  th i ckness  are discussed i n  s e c t i o n  7. If t h e  gas temperature  
3 
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(assumed t o  be equa l  t o  i o n  temperature)  i s  obta ined  by o t h e r  methods, such 
as those  provided by s a t e l l i t e  drag  s t u d i e s ,  t h e  s l a b  t h i ckness  can be used 
t o  compute t h e  e l e c t r o n  temperature .  I t  is a l s o  shown i n  s e c t i o n  7 t h a t  t h e  
bes t  model appears  t o  be a hybr id  layer  s i n c e  t h e  computed e l e c t r o n  temperature  
then  agrees  w i t h  t h e  e l e c t r o n  temperature va lues  measured by t h e  incoherent  
sca t te r  method. I n  s e c t i o n  8 ,  evidence is given for t h e  magnetic a c t i v i t y  
dependence of s l a b  th i ckness .  Some d i scuss ion  on obse rva t ions  made i n  t h i s  
paper are included i n  s e c t i o n  9, and t h e  t heo ry  of t h e  equ i l ib r ium d i f f u s i v e  
t r a n s p o r t  l a y e r  is presented i n  Appendix A. 
? 
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2. Method of Analysis  
The r o t a t i o n  of t h e  plane of p o l a r i z a t i o n  i n  a magneto-ionic medium 
quas i - long i tud ina l  approximation i s  given by 
fi = K S N M  dh r a d i a n s  2 
f 
inde 
-2 where, i n  MKS r a t i o n a l i z e d  u n i t s ,  K = 2.97 x 10 , N = e l e c t r o n  d e n s i t y ,  f = 
r a d i o  frequency, M = magnetic parameter (Yeh and Gonzalez, 1960) and dh = 
d i f f e r e n t i a l  he igh t  element.  Since the  magnetic parameter is a s lowly varying 
f u n c t i o n  of he igh t ,  and t h e  e l e c t r o n  dens i ty  i s  r a t h e r  peaked, (1) may be 
r e w r i t t e n  as 
Q = -  K G  S N  dh r ad ians  . 
f 2  
A s  long as N i s  a continuous f u n c t i o n  of he igh t ,  t h e  mean va lue  theorem guaran- 
tees t h e  e x i s t e n c e  of i such t h a t  (2)  is t r u e .  
t h a t  t h e  mean va lue  theorem skates t h a t  :I: is t h e  r r c l ~ ~  nf M at some he igh t ,  
bu t  l eaves  t h e  va lue  unspec i f ied .  Therefore,  model s t u d i e s  are r equ i r ed  t o  
f i n d  t h e  exac t  he igh t  f o r  5 evalua t ion .  
he igh t  for a given model ioiioai;herc depends OE the  d i r e c t i o n  of t h e  r a y  and 
may have a va lue  i n  t h e  range of 340 t o  400 km (Yeh and Gonzalez, 1960). I f  
w e  restrict  ourse lves  t o  r a y s  wi th  a zen i th  angle  of 40 
350 km seems t o  be t h e  opt imal  choice  (Roger, 1964). Therefore ,  i n  t h i s  s tudy,  
M i s  eva lua ted  a t  a he igh t  of 350 km. 
The d i f f i c u l t y ,  of course,  i s  
- 
These s t u d i e s  i n d i c a t e  t h a t  t h e  exac t  
0 or less, a he igh t  of 
- 
The second d i f f i c u l t y  i n  a l l  s a t e l l i t e  beacon experiments is t h a t  t h e  
t i m e  r a t e  of change of a, r a t h e r  than  t h e  abso lu te  va lue  of a, is  measured. 
The t i m e  r a t e  change is, t o  a l a r g e  ex ten t ,  due t o  change i n  z. 
a n a l y s i s ,  t h e  va lues  of 5, t y p i c a l l y  sepa ra t ed  by about one minute, are eva lua ted  
In t h e  present  
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and t h e  corresponding p o l a r i z a t i o n  r o t a t i o n  is  measured from t h e  r eco rd  and 
t h e  va lues  of e l e c t r o n  conten t  can be ca l cu la t ed .  Th i s  method ( c a l l e d  r o t a t i o n  
angle  method) a l s o  was used i n  an e a r l i e r  paper (Yeh and Swenson, 1961). 
Probably t h e  weakest assumption i n  t h i s  method of a n a l y s i s  i s  t h e  neglec t  of 
h o r i z o n t a l  e l e c t r o n  d e n s i t y  g rad ien t ,  which has  been c r i t i c i z e d  by G a r r i o t t  
and de  Mendonca (1963). These au tho r s  have analyzed 35 passages of T r a n s i t  
2A,  us ing  many d i f f e r e n t  methods, and showed t h a t  t h e  r o t a t i o n  ang le  method 
y i e l d s  va lues  of e l e c t r o n  conten t  about 25 per cen t  h igher  t han  t h e  hybrid 
method. The d i f f i c u l t y  i n  an  e r r o r  a n a l y s i s  of t h i s  s o r t  i s  t h a t  t h e  exac t  
conten t  i s  never known. One poss ib l e  test of t h e  d a t a  i s  a se l f - cons i s t ency  
tes t .  Therefore ,  i n  t h e  d a t a  ana lys i s ,  a s  many va lues  of e l e c t r o n  conten t  a s  
p o s s i b l e  have been c a l c u l a t e d  f o r  t h a t  por t ion  of t h e  s a t e l l i t e  passage i n  
which t h e  z e n i t h  angle  i s  less than 40 . The mean a s  w e l l  as t h e  per cent  
s t anda rd  dev ia t ion  f o r  each pass  can then be computed. A histogram showing 
t h e  number of cases  wi th  a given s tandard dev ia t ion  is presented i n  Fig.  1. 
In  each o f  n e a r l y  s i x  hundred passages f o r  which two or more conten t  va lues  
are obta ined ,  t h e  mean and t h e  s tandard dev ia t ion  were computed; e igh ty - f ive  
per  c e n t  of passages have a s tandard  dev ia t ion  of 10 per cen t  or less. This  
s t anda rd  d e v i a t i o n  i s  much smal le r  than t h a t  ob ta ined  by G a r r i o t t  and de Men- 
donca (1963) who analyzed only t h i r t y - f i v e  passages of T r a n s i t  2 A .  I t  should 
be emphasized t h a t  t h i s  i s  only a se l f -cons is tency  test and not  an e r r o r  
a n a l y s i s .  The es t imated  e r r o r  i s  probably somewhat h igher .  
0 
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3 .  Diurnal  V a r i a t i o n  
The va lues  of e l e c t r o n  conten t  deduced from obse rva t ions  of s a t e l l i t e  
1961 Omicron 1 are shown i n  Fig.  2. Due t o  westward motion of t h e  nodes t h e  
t i m e  of obse rva t ion  advances each day. Roughly, i t  t a k e s  a l i t t l e  more than  
t h r e e  months t o  cover  a complete day. Therefore ,  t h e  d i u r n a l  v a r i a t i o n ,  shown 
by curves  i n  F ig .  2, i s  a l s o  contaminated by t h e  seasona l  v a r i a t i o n  as d iscussed  
i n  t h e  next  s e c t i o n .  
In F ig .  2, d o t s  are used t o  i n d i c a t e  t h e  p o i n t s  when t h e  s a t e l l i t e  z e n i t h  
angle  i s  40 o r  less and c rosses  a r e  used when t h e  z e n i t h  angle  i s  l a r g e r  than 
40°. 
are more than  f i v e  p o i n t s  wi th  z e n i t h  angle  less than  40 , the  averaged va lue  
i s  i n d i c a t e d  by a s o l i d  l i n e ;  otherwise,  t h e  average i s  shown by a do t t ed  l i n e .  
0 
The con ten t  va lues  are averaged over two-hour i n t e r v a l s .  When t h e r e  
0 
I n  a d d i t i o n  t o  t h e  d i u r n a l  v a r i a t i o n s ,  seasonal  as w e l l  as s o l a r  cyc le  
dependences a l s o  a r e  obvious from the  curves i n  Fig.  2. These are d iscussed  
i n  t h e  fo l lowing  s e c t i o n s .  
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4. Seasonal Dependence 
I 
The s tudy  of f F2 has  revea led  a number of anomalies i n  i ts behavior  
(Ratcl i f fe  and Weekes, 1960). I n  p a r t i c u l a r ,  i t  has  been found t h a t  t h e  
l o c a l  noon F2 r eg ion  c r i t i c a l  frequency is  h igher  i n  win te r  than i n  summer. 
Therefore ,  i t  i s  i n t e r e s t i n g  t o  s tudy  whether o r  no t  similar behavior e x i s t s  
i n  t h e  e l e c t r o n  con ten t .  
0 
Although t h e  experimental  s tudy  of e l e c t r o n  con ten t  has  been carried o u t  
f o r  over  a decade, t h e  d e t a i l e d  s tudy  of seasonal  dependence has  not  been 
done, perhaps because such s t u d i e s  r e q u i r e  r e l a t i v e l y  cont inuous probing of 
t h e  ionosphere.  The most cont inuous da ta  known t o  us seem t o  be those  of Webb 
who reco rds  luna r  r e f l e c t e d  s i g n a l s  (Webb, 1963). Unfortunately,  h i s  experi-  
ment w a s  performed on a s i n g l e  frequency and hence is hampered by ambiguity 
r e s o l u t i o n .  Since h i s  and the present  experiments were c a r r i e d  ou t  a t  nea r ly  
t h e  same l o c a l i t y ,  t h e  e l e c t r o n  content  va lues  of both experiments should agree .  
One can t h e r e f o r e  use our va lues ,  perhaps measured a t  a t i m e  o t h e r  than t h e  
l o c a l  noon, t o  a d j u s t  Webb's monthly average curves i n  order  t o  o b t a i n  t h e  
noon va lues .  These ad jus t ed  monthly noon va lues  are p l o t t e d  i n  Fig.  3 f o r  
t h e  per iod  from July 1961 t o  December 1962. 
The curve depic ted  i n  Fig.  3 shows a seasona l  v a r i a t i o n  t h a t  i s  remarkably 
s t rong ,  a change of a t  least a f a c t o r  2. During t h e  per iod s tud ied ,  t h e  sunspot  
number changed from about 50 t o  30. As shown i n  t h e  next s e c t i o n ,  such a 
change w i l l  no t  i n f luence  t h e  conten t  very  much and hence the curt-2 shewn ir? 
Fig.  3 i s  predominately seasonal  i n  behavior.  An i n t e r e s t i n g  poin t  t o  note  i s  
t h e  double  humped na tu re  of t h e  seasonal  curve showing maxima i n  March and 
October and minima i n  January and July. S a t e l l i t e  drag  s t u d i e s  have revea led  
a semiannual v a r i a t i o n  i n  atmospheric temperature  and d e n s i t y  (Jacchia ,  1963) 
which is somewhat similar i n  n a t u r e  t o  t h e  conten t  v a r i a t i o n  shown i n  Fig.  3. 
But t h e  direct  dependence of conten t  on temperature i s  not  enough t o  exp la in  
t h e  observed seasonal  dependence. T h i s  is d iscussed  i n  s e c t i o n  9. 
* 
5. S o l a r  Cvcle DeDendenCe 
The s tudy  of s o l a r  cyc le  dependence of e l e c t r o n  conten t  has  been made 
by a number of au tho r s  (Taylor, 1963; Hibberd, 1964; Bhonsle, e t  a l . ,  1965);  
however, a l l  such s t u d i e s  were made f o r  t h e  sunspot  number larger than  about 
50. Most of t h e  conten t  va lues  obtained i n  t h e  p re sen t  i n v e s t i g a t i o n  were 
I 
I 
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f o r  sunspot  number 50 o r  less. Therefore,  t h e  present  d a t a  have been combined I 
with  va lues  of o the r  i n v e s t i g a t o r s .  The r e s u l t s  are shown i n  Fig.  4. Again, 
t h e  double humped na tu re  of t h e  seasonal  dependence is  apparent  and such seasonal  
dependence becomes more pronounced w i t h  an  inc rease  i n  sunspot number. 
The approximate l i n e a r  r e l a t i o n s h i p  between content  and sunspot number, 
as found by o t h e r  au thors  f o r  sunspot number l a r g e r  than 50, i s  no longer  v a l i d  
f o r  sunspot  number less than 50. This  seems reasonable  a t  f i r s t  s i g h t  s i n c e  , 
t h e  sun s t i l l  produces i o n i z a t i o n  r a d i a t i o n  even i f  i t  is s p o t l e s s .  However, 
if the  conversion of Nicole t  (1963) i s  used from t h e  sunspot number t o  t h e  
solar f l u x  a t  10.7 cm, t he  e l e c t r o n  content  i s  s t i l l  found t o  be f l a t  f o r  t h e  
s o l a r  f l u x  u n i t  less than  about 100. I t  seems t h a t  there may be nonl inear  
dependence between s o l a r  r a d i a t i o n  a t  10.7 c m  and t h e  i o n i z i n g  p a r t  of the  
s o l a r  spectrum near  minimum i n  s o l a r  a c t i v i t i e s .  
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6. Rate of Loss of E lec t rons  a t  Night 
I 
The behavior of t h e  e l e c t r o n  dens i ty  a f t e r  sunse t  has  been s t u d i e d  by 
Pound and Yeh (1965). The d i f f u s i v e  t r anspor t  model used p r e d i c t s  t h a t  t h e  
e l e c t r o n  d e n s i t y  may r i se  a t  t h e  peak immedia te ly  a f t e r  sunse t ,  depending on 
t h e  i n i t i a l  e l e c t r o n  t o  ion  temperature  r a t i o .  This  agrees  w i t h  experimental  
obse rva t ions .  The theory  a l s o  p r e d i c t s  t h a t  t h e  e l e c t r o n  conten t  dur ing  t h i s  
same per iod  w i l l  be h e l d  n e a r l y  cons tan t .  This  is again supported exper imenta l ly  
as shown i n  Fig.  5 .  A f e w  hours a f te r  sunse t ,  t h e  e l e c t r o n  d e n s i t y  a t  a l l  
h e i g h t s  approaches asymptot ica l ly  an exponent ia l  decay wi th  an exponent ia l  
decrement equal  t o  D a r  /16Hi. 
a f te r  sunse t  provides  information on t h e  r a t i o  of t h e  ambipolar d i f f u s i o n  
c o e f f i c i e n t  a t  t he  base of t h e  d i f f u s i v e  t r a n s p o r t  l a y e r  and t h e  square  of t h e  
scale h e i g h t .  In  s e c t i o n  9 i t  w i l l  be shown t h a t  D 
can be assumed t o  be nea r ly  cons t an t .  T h i s  means t h a t  t h e  exponent ia l  decrement 
has  an inve r se  temperature  square  dependence. 
2 2 
Therefore,  t h e  s tudy  of e l e c t r o n  conten t  decay 
t o  t h e  f i r s t  approximation, a’ 
The theory  has been appl ied  t o  some experimental  obse rva t ions  and t h e  
r e s u l t s  are t a b u l a t e d  i n  Table 1 where t h e  q u a n t i t y  Da/Hi, as w e l l  as tempera- 
t u r e  r a t i o s ,  a r e  given.  In  obta in ing  t h e  temperature  r a t i o ,  i t  has  been assumed 
t h a t  t h e  1961 summer va iue  a i  jobisell Back hns 1 u n i t  va lue .  S ince  not a l l  
obse rva t ions  were made a t  t he  same s i te ,  magnetic d i p  angle c o r r e c t i o n s  have 
a l s o  been made i n  computing t h e  temperature r a t i o ,  
r e s u l t s ,  g iven i n  Table 1, r e v e a l  both t h e  seasonal  and t h e  sunspot dependences 
i n  tempera ture  which are i n  rough agreement wi th  t h e  va lues  obtained by s tudying  
s a t e l l i t e  drag.  
2 
The n ight t ime temperature  
0 
For Ti = 820 K (corresponding t o  t h e  average va lue  given by Nicole t ,  1963, 
for t h e  summer n ight  of 1961), t h e  i on ic  scale he ight  is 48  km. The ambipolar 
d i f f u s i o n  c o e f f i c i e n t ,  a f t e r  co r rec t ing  f o r  t h e  d i p  angle  e f f e c t ,  i s  c a l c u l a t e d  
t o  be 2.2 X 10 m /set a t  t h e  base of t h e  d i f f u s i v e  t r a n s p o r t  l aye r .  5 2  
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7. S l ab  Thickness Var i a t ion  
i 
S l a b  th ickness ,  def ined  as t h e  r a t i o  of t o t a l  e l e c t r o n  con ten t  t o  the  
e l e c t r o n  d e n s i t y  a t  t h e  peak, has been used by a number of i n v e s t i g a t o r s  a s  
a temperature i n d i c a t o r  a t  midday i n  the  ionosphere (Ross, 1960; Hibberd, 1964; I 
, Bhonsle, e t  a l . ,  1965). The exac t  r e l a t i o n  between s l a b  th i ckness  and tempera- 
I t u r e  depends on t h e  models used. Many i n v e s t i g a t o r s  have used t h e  Chapman model 
because i t  i s  convenient  (Bhonsle, e t  a l . ,  1965).  Whatever reason  t h e r e  is f o r  
I us ing  t h e  Chapman model above t h e  peak cannot now be j u s t i f i e d ,  e s p e c i a l l y  
I s i n c e  i t  is  known t h a t  e l e c t r o n s  may not be i n  thermal  equ i l ib r ium wi th  t h e  
ions .  A theory  without  such a r e s t r i c t i o n  i s  t h e  d i f f u s i o n  t r a n s p o r t  l a y e r  
which has  been developed i n  Appendix A and which is  expected t o  apply above 
t h e  peak but  no t  below. Therefore,  we a r e  proposing a hybr id  l aye r  made up 
I 
i of  a d i f f u s i o n  t r a n s p o r t  l aye r  above t h e  peak and a Chapman l a y e r  below t h e  
I 
1 peak. The dependence of s l a b  thickness  on e l ec t ron - to - ion  temperature r a t i o  
f o r  t h i s  hybrid l aye r ,  a s  w e l l  as f o r  pure Chapman and pure d i f f u s i o n  t r a n s p o r t  
l aye r s ,  is shown i n  Fig.  A-2 i n  Appendix A. This  theo ry  w i l l  be used t o  d i s c u s s  
I t empera tures  i n  t h e  ionosphere a f t e r  the p r e s e n t a t i o n  of d a t a .  
I 
The seasonal  dependence of t h e  average midday s l a b  th i ckness  i s  shown i n  
Fig.  6. The m a x i m - ~ ~ m  electron d e n s i t y  used w a s  ob ta ined  from F t .  Monmouth 
ionograms. Random checks of F t .  Monmouth ionograms with those  obtained l o c a l l y  
i n d i c a t e  s imilar  d i u r n a l  behavior,  but t h e  l o c a l  va lues  of maximum d e n s i t y  seem 
t o  be c o n s i s t e n t l y  h ighe r  than  t h e  F t .  Monmouth va lues  a t  t h e  corresponding 
l o c a l  t i m e  by about t e n  per cen t .  Therefore,  such long i tud ina l  c o r r e c t i o n s  
must be kept i n  mind. 
The seasonal  dependence of t h e  s l a b  th i ckness  as shown i n  Fig.  6 is d i s t i n c t l y  
d i f f e r e n t  from t h e  seasonal  dependence of t h e  t o t a l  conten t  depic ted  i n  F ig .  3. 
Fig .  6 shows t h e  single summer maximum and t h e  s i n g l e  win te r  minimum i n  each 
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year  i n s t e a d  of t h e  double maxima i n  equinoxes and t h e  double minima i n  s o l s t i c e s  
f o r  t h e  e l e c t r o n  conten t  shown i n  Fig.  3. 
The d i u r n a l  v a r i a t i o n  of t h e  s l a b  th i ckness  is shown i n  Fig.  7. The 
i n t e r e s t i n g  f e a t u r e s  are t h e  e a r l y  morning rise, t h e  approximate constancy 
dur ing  t h e  day and t h e  evening d i p .  The l a s t  phenomenon can be expla ined  as 
a r e l a x a t i o n  of e l e c t r o n  temperature  t o  i o n  temperature .  This  r e l a x a t i o n  
in t roduces  a downward e l e c t r o n  f l u x  which may enhance t h e  e l e c t r o n  d e n s i t y  
a t  t h e  peak and which, a t  t h e  same time, tends  t o  main ta in  t h e  e l e c t r o n  con ten t  
value,  r e s u l t i n g  i n  a d i p  i n  s l a b  th ickness  (Evans, 1965a; Pound and Yeh, 1965).  
Using t h e  s l a b  th i ckness  d a t a  published by Bhonsle, e t  a l .  (1965), t h e  
r a t i o  of  e l ec t ron - to - ion  temperature  f o r  t h e  Chapman l aye r ,  t h e  d i f f u s i o n  
t r a n s p o r t  l a y e r  and t h e  hybr id  l a y e r  has been computed and t a b u l a t e d  i n  Table 2. 
I n  t h e  computation, t h e  gas  temperature and ion  temperature  are assumed i d e n t i c a l  
and t h e  mass of t h e  gas  and t h e  ion  i s  assumed t o  have an  atomic weight of 16. 
Or ig ina l ly ,  t h e  gas  temperatures  used by Bhonsle, et a l .  (1965) w e r e  taken from 
t h e  t a b l e  computed by Nicole t  (1963). This  is not  q u i t e  c o r r e c t  s i n c e  t h e s e  
temperatures  were computed f o r  t h e  d i u r n a l  bulge, whi le  t h e  observa t ions  were 
made a t  a f i x e d  l a t i t u d e .  The gas temperature a t  midday, shown i n  Table 2, 
is computed by using t h e  formula derived by Jacch ia  (1963), with t h e  n ight t ime 
temperature  given by Nicole t  (1963). 
I t  can be noted t h a t  t h e  d i f f u s i o n  t r a n s p o r t  l a y e r  g ives  a c o n s i s t e n t l y  
higher r z t i c  2nd the Chapman l ayer  gives  a c o n s i s t e n t l y  lower r a t i o .  The 
e l e c t r o n  temperature  f o r  1962 can be computed t o  be 1500 K, 1800°K and 2200°K 
f o r  w in te r ,  equinox and summer, r e spec t ive ly ,  i f  one uses  t h e  hybr id  l a y e r .  
Th i s  compares r a t h e r  favorably  wi th  t h e  incoherent  s c a t t e r  r e s u l t s  of Evans 
(1965), who measured t h e  e l e c t r o n  temperatures  a t  350 km a t  midday t o  be 1800°K 
and 2400°K i n  November and July, 1963. 
0 
The computed e l e c t r o n  temperature  
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would have been t o o  low, when compared wi th  t h e  incoherent  sca t te r  r e s u l t s ,  
i f  t h e  Chapman l a y e r  had been used, and t o o  high i f  t he  d i f f u s i o n  t r a n s p o r t  
l a y e r  had been used. 
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8. Magnetic Dependence of S l a b  Thickness 
During t h e  per iod of i n v e s t i g a t i o n  t h e r e  were no major magnetic s torms.  
Since,  as shown i n  F ig .  7, t h e  s l a b  th ickness  is r e l a t i v e l y  cons t an t  du r ing  
t h e  day from 0600 t o  1600, t h e  average s l a b  th i ckness  measured dur ing  t h i s  
pe r iod  i s  d iv ided  i n t o  t h r e e  s e p a r a t e  t i m e  i n t e r v a l s  and p l o t t e d  a g a i n s t  t h e  
K index. The r e s u l t  i s  shown i n  F ig .  8. A l l  t h r e e  curves i n d i c a t e  an  i n c r e a s e  
of s l a b  th i ckness  wi th  inc reas ing  magnetic a c t i v i t i e s .  The l a r g e  f l u c t u a t i o n s  
on t h e s e  curves f o r  K above 4 are due t o  l a c k  of d a t a .  
P 
P 
The inc rease  of n e u t r a l  atmospheric t e m p e r a t u r e  w i t h  magnetic a c t i v i t y  
w a s  r evea led  by s a t e l l i t e  d rag  s t u d i e s  (Jacchia,  1961). The mechanism by which 
t h e  atmosphere is heated dur ing  magnetic storms is  not w e l l  understood a t  
p re sen t .  The experimental  evidence ind ica t e s  t h a t  h e a t i n g  i s  t ak ing  p lace  
mainly below 200 km. One poss ib l e  hea t ing  mechanism is  t h e  d i s s i p a t i o n  of 
hydromagnetic waves (Dessler, 1959). The d i s s i p a t i o n  of t h e s e  waves t o  n e u t r a l  
p a r t i c l e s  depends on t h e  ion-neut ra l  c o l l i s i o n a l  frequency, wh i l e  t h e  d i s s ipa -  
t i o n  t o  plasma p a r t i c l e s  depends on the e lec t ron- ion  c o l l i s i o n a l  frequency. 
Therefore ,  t h e  hea t ing  of n e u t r a l  atmosphere is expected t o  t a k e  p l ace  below 
about 200 km where t h e  ion-neut ra l  c o l l i s i o n a l  frequency becomes apprec iab le .  
On t h e  o t h e r  hand, t h e  h e a t i n g  of t h e  plasma p a r t i c l e s  i s  expected t o  t ake  
p l a c e  mainly i n  t h e  F2 reg ion ,  s i n c e  the e l e c t r o n - i o n  c o l l i s i o n a l  frequency 
has  a maximum t h e r e .  
1 4  
9. Discussion 
One of t h e  most puzzl ing phenomena i n  t h e  s tudy  of F-region aeronomy is  
t h e  seasonal  anomaly ( R a t c l i f f e  and Weekes, 1960). I t  has  been found t h a t  t h e  
maximum e l e c t r o n  dens i ty  a t  l o c a l  noon is  h igher  i n  win te r  than  i n  summer. 
Such anomaly is aga in  manifested i n  the p re sen t  i n v e s t i g a t i o n  of noon e l e c t r o n  
conten t  and i n  t h e  similar i n v e s t i g a t i o n s  by o t h e r  r e s e a r c h e r s .  The aim of 
t h i s  s e c t i o n  is t o  d i s c u s s  poss ib l e  causes of t h i s  anomaly. 
L e t  s u b s c r i p t s  S, E and W denote  summer, equinox and win ter  q u a n t i t i e s  
r e s p e c t i v e l y .  The noon content  va lues  of t h e s e  t h r e e  seasons  given i n  F ig .  3 
f o r  approximately t h e  same s o l a r  condi t ion  are 
(3 1 
2 
NTs : NTE : NTW = (1.0:2.2:1.4) x electrons/m . 
An at tempt  w i l l  be made t o  t r y  t o  understand ( 3 )  by us ing  d i f f u s i o n  t r a n s p o r t  
l a y e r  a s  a model. The e l e c t r o n  content f o r  a d i f f u s i o n  t r a n s p o r t  l a y e r  der ived  
i n  Appendix A as (A-8) is 
*T 
3 
O i  q H /2DOi . (4)  
This  formula w i l l  be used as a b a s i s  of d i scuss ion  i n  t h e  remaining p a r t  of 
t h i s  sectioni 
A s  shown i n  (4) t h e  va lue  of e l e c t r o n  conten t  depends on a number of phys ica l  
p rocesses ,  each of which is discussed i n  the  fol lowing.  I t  i s  important t o  
no te  t h a t  t h e  conten t  va lue  i s  independent of e l e c t r o n  temperature.  
(i) Product ion.  The e l e c t r o n  content is d i r e c t l y  p ropor t iona l  t o  t h e  
r a t e  of product ion a t  t h e  base of d i f f u s i o n  t r a n s p o r t  l ayer ,  which i n  t u r n  
depends on t h e  atomic oxygen dens i ty  and t h e  s o l a r  z e n i t h  angle .  ( I t  i s  
assumed t h a t  t h e  s o l a r  cond i t ion  i s  unchanged through t h e s e  seasons . )  For 
s i m p l i c i t y  it seems reasonable  t o  assume t h a t  t h e  dependence on t h e  s o l a r  
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z e n i t h  a n g l e  i s  through t h e  f a c t o r  cos x, where x is  t h e  s o l a r  z e n i t h  angle  
a t  l o c a l  noon f o r  d i f f e r e n t  seasons.  
( i i )  Ion s c a l e  he igh t .  The ion  sca l e  he igh t  i s  d i r e c t l y  p ropor t iona l  
t o  i o n  temperature  (assumed equal  t o  gas tempera ture) .  
(iii) Dif fus ion  c o e f f i c i e n t .  The i o n  d i f f u s i o n  c o e f f i c i e n t  is  d i r e c t l y  
p ropor t iona l  t o  T1’2 and i n v e r s e l y  p ropor t iona l  t o  t h e  d e n s i t y  of atomic oxygen 
(Quinn and Nisbet,  1965). The u s e  of theoretical  model of  Harris and P r i e s t e r  
(1962) shows t h a t  t h e  atomic oxygen dens i ty  has  TOs3 and TOm5 dependence. 
Hence, t h e  ion  d i f f u s i o n  c o e f f i c i e n t  has a very  weak temperature  dependence 
and can be assumed t o  be roughly constant  f o r  t h e  present  d i scuss ion .  
( i v )  Protonosphere f l u x .  In  so lv ing  t h e  equat ion  of c o n t i n u i t y  i n  Appen- 
d i x  A i t  is assumed t h a t  t h e  upper boundary condi t ion  is  z e r o  f l u x .  I t  i s  a 
s imple matter t o  remove t h i s  r e s t r i c t i o n  and r ep lace  i t  by t h e  cond i t ion  of 
a f i n i t e  f l u x  as done by Geisler and Bowhill (1965). This  g e n e r a l i z a t i o n  
merely c o n s t i t u t e s  an a d d i t i o n  of a term. 
(v) Recombination. The e f f e c t  of l o s s  of e l e c t r o n s  through chemical 
processes  is assumed t o  be lumped as a lower boundary cond i t ion  i n  t h e  theory  
of d i f f u s i o n  t r a n s p o r t  l a y e r .  Therefore,  t h e  inc rease  of l o s s  i s  equ iva len t  
t o  r a i s i n g  t h e  lower boundary and t h e  decrease  of l o s s  i s  equ iva len t  t o  lowering 
of t h e  lower boundary. Now, t h e  l o s s  ra te  is p ropor t iona l  t o  t h e  d e n s i t y  of 
e i t h e r  molecular oxygen or molecular n i t rogen .  Both are minor c o n s t i t u e n t s  
i n  t h e  F reg ion .  
I f  i t  is assumed t h a t  t h e  f i r s t  t h r e e  processes  are t h e  only ones opera- 
t i v e , t h e n  t h e  noon content  should be roughly p ropor t iona l  t o  T cos  x. Using 
t h e  tempera ture  model der ived  by Jacchia (1963), t h e  temperatures  f o r  1961-62 
0 0 0 0 
per iod  a t  40 N a t  noon a r e  found t o  be 1035 K, 1085 K and 900 K f o r  summer, 
equinox and win ter ,  r e s p e c t i v e l y .  The t h e o r e t i c a l l y  expected r a t i o s  can be 
computed by using (4) ,  r e s u l t i n g  i n  
3 
i 
.. , 
1 
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NTS:NTE:Nm = 2.4:2.2:0.73 
Comparison of (5) a g a i n s t  (3) shows the  poor agreement and t h e r e f o r e  o t h e r  
processes  must a l s o  be cons idered .  A l o g i c a l  s t e p  i n  t h i s  d i r e c t i o n  i s  t h e  
i n c l u s i o n  of a protonosphere f l u x .  This i s  e s p e c i a l l y  tempting because t h e  
s l a b  th i ckness  shows a maximum i n  summer and a minimum i n  w i n t e r  and hence t h e  
protonosphere may act  l i k e  a r e s e r v o i r ,  being f i l l e d  up i n  t h e  day t i m e  a t  t h e  
expense of t h e  summer hemisphere ionosphere and being emptied a t  n igh t  perhaps 
t o  both summer and win te r  hemispheres. Such protonosphere-ionosphere coupl ing  
was f i r s t  suggested by Rothwell (1962). A more c r i t i c a l  examination of t h i s  
hypothes is  i n d i c a t e s  t h a t  t h e  maximum permiss ib le  f l u x  is not  l a r g e  enough t o  
exp la in  t h e  seasonal  anomaly. The bot t le -neck  seems t o  be a t  t h e  base of 
protonosphere and a t  t h e  t o p  of t h e  d i f f u s i v e  b a r r i e r  reg ion  (Geis le r  and 
Bowhill,  1965). The protonosphere-ionosphere coupl ing  no doubt e x i s t s  but 
it seems t o o  weak t o  e x p l a i n  t h e  seasonal  anomaly. 
The l a s t  remaining process  on the l i s t  is  t h e  recombination process .  
The l o s s  thrnugh such a process  is propor t iona l  t o  t h e  d e n s i t y  of a minor 
c o n s t i t u e n t  (0 or N ) whose proport ion cannot be de t ec t ed  e a s i l y  from s t u d i e s  
such as t h e  decay of t h e  a r t i f i c i a l  s a t e l l i t e s .  Suppose t h a t  t h e  propor t ion  of 
0, (or N,) i s  increased  while  t h e  dens i ty  of major c o n s t i t u e n t ,  atomic oxygen, 
remains unchanged. I ts  e f f e c t  on both t h e  maximum e l e c t r o n  d e n s i t y  and t h e  
e lectron con ten t  is through t h e  increase  of t h e  base of d i f f u s i o n  t r a n s p o r t  
l a y e r .  and l/Doi decrease exponen t i a l ly  w i t h  t h e  he ight  01 t he  
base.  Hence t h e  n e t  e f f e c t  i s  a decrease i n  both t h e  maximum dens i ty  and t h e  
c o n t e n t .  For example, an  inc rease  i n  t h e  base of a ha l f  ion  s c a l e  he igh t  
(about 45 km i n  sunspot  maximum and 28 km i n  sunspot  minimum) w i l l  decrease  
both t h e  maximum d e n s i t y  and t h e  content  by a f a c t o r  of l/e. S imi l a r ly ,  a 
d e c r e a s e  i n  t h e  base of t h e  d i f fus ion  t r a n s p o r t  l a y e r  by a ha l f  i on  scale 
2 2 
L 0 
Now both g 0 
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he igh t  w i l l  i n c r e a s e  both t h e  maximum dens i ty  and the  con ten t  by a f a c t o r  of 
e .  Therefore ,  it i s  seen  that  t h e  maximum d e n s i t y  and the  conten t  are very  
s e n s i t i v e  t o  changes i n  t h e  propor t ion  of minor c o n s t i t u e n t  0 or N Note 
t h a t  t h e  s l a b  th ickness ,  being t h e  r a t i o  of con ten t  t o  maximum dens i ty ,  does 
not  depend on t h e  propor t ion  of minor cons t i t uen t  (see ( A - 8 ) ) ,  i t  depends only  
on t h e  i o n  and e l e c t r o n  temperatures .  This  obse rva t ion  seems t o  be supported 
by t h e  expected seasonal  behavior  of the noon s l a b  th i ckness  as shown i n  Fig.  6, 
and the  agreement of t h e  behavior  c?f t h e  noon slab th i ckness  wi th  t h e  i o n  and 
e l e c t r o n  temperatures  measured independently b y  o t h e r  t o t a l l y  d i f f e r e n t  methods, 
as d i scussed  i n  s e c t i o n  7. Therefore ,  evidence seems t o  be s t r o n g  i n  suppor t  
of t h e  hypothes is  t h a t  t h e  change of composition i s  a p o s s i b l e  cause of seasonal  
anomaly. 
2 2 '  
I 
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Appendix A. Diffus ion  Transport  Layer  
S ince  t h e  i n t e r p r e t a t i o n  of t h e  content  data makes use of t h e  d i f f u s i o n  
t r a n s p o r t  l ayer ,  i t  seems appropr i a t e  t o  d i s c u s s  some p r o p e r t i e s  of t h i s  l a y e r .  
The d i f f u s i o n  t r a n s p o r t  l a y e r  was f i r s t  in t roduced  by Bowhill (1962). 
The d e r i v a t i o n  he re  r e p r e s e n t s  a s l i g h t  g e n e r a l i z a t i o n  of h i s  case from t h e  
assumption of equal  e l e c t r o n  and ion temperature t o  unequal temperatures .  
A f u l l e r  d i scuss ion  of t h i s  model, and e s p e c i a l l y  t h e  s tudy  of t h e  t i m e  depen- 
dent  model w i l l  be t h e  s u b j e c t  of a d i f f e r e n t  r e p o r t  (Pound and Yeh, 1965). 
The s t a r t i n g  poin t  i s  t h e  equat ion  of c o n t i n u i t y .  Let a s u b s c r i p t  z e r o  
denote  q u a n t i t i e s  referred t o  t h e  lower boundary of t h e  l a y e r .  Equal gas  
and i o n  temperature  is  assumed, bu t  the  r a t i o  of e l e c t r o n  t o  i o n  temperatures ,  
r, may i n  gene ra l  be d i f f e r e n t  from 1. The equat ion ,  when it  is approximately 
t i m e  s t a t i o n a r y ,  t a k e s  t he  form 
] = o  h >  - h o .  2+r dN + 
h-ho h-ho 2 
qOexP(-  Hi ) + D o i ( l + r ) e x p ( - ) . [ ~ ~  Hi 
dh + H i ( l + r )  dh Hi 2 (l+r) 
The boundary cond i t ions  are 
N = 0 when h = h 0 ’  
(-4- 1 ) 
(A-2) 
I n  t h i s  model l aye r ,  t h e  ef fect  of r e c G i i i b i i I Z t i C s  is lnmperl hy demanding t h a t  
t h e  e l e c t r o n  d e n s i t y  vanish  a t  t h e  lower boundary, as g iven  by (A-2). The 
upper boundary cond i t ion  (A-3) comes from t h e  cond i t ion  t h a t  t h e  e l e c t r o n  
p a r t i c l e  f l u x  is  assumed t o  vanish a t  i n f i n i t y .  
p roduc t ion  a t  h 
i o n  i n  case of ionosphere)  a t  h and the d i p  angle  dependence i s  assumed t o  
I n  ( A - l ) ,  qo is  t h e  r a t e  of 
Doi is the d i f fus ion  c o e f f i c i e n t  of t h e  ion  (atomic oxygen 0’ 
0 
(A-3) 
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have been absorbed, r = Te/Ti and is  assumed t o  be independent of he ight ,  and 
H .  = kT./mg = scale he igh t  of i ons  and n e u t r a l s .  The s o l u t i o n  of (A-1) w i th  
boundary cond i t ions  (A-2) and (A-3) is  
1 1 
2 
h-ho 2(h-h0) 
1 - exP[- 1 , h > h o  - . qOHi Doi ( 2 r+ l )  Hi Hi ( l + r )  
N(h) = 
This  p r o f i l e  has  a peak d e n s i t y  a t  a height  given by 
Hi ( l t r )  
= ho + En 2(1+r)  , 
max 1 +2r 
h 
which p r e d i c t s  an inc rease  i n  h 
corresponding peak d e n s i t y  is 
as r increases ,  as shown i n  F ig .  A-1 
max 
(A-4) 
(A-5 1 
The 
(A-6) 
The e l e c t r o n  conten t  is obta ined  from (A-4) by i n t e g r a t i n g  from h t o  i n f i n i t y .  0 
Note t h a t  N depends on t h e  production, t h e  ion  scale h e i g h t  and t h e  ion  d i f f u s i o n  
c o e f f i c i e n t  and not  on t h e  e l e c t r o n  temperature.  
LUL-P w i l l  enly redistribute e l e c t r o n s  a s  a func t ion  of he igh t  so t h a t  t h e  
con ten t  is unaf fec ted .  The s l a b  th ickness  is obtained by t ak ing  t h e  r a t i o  of 
(A-7)  t o  (A-6). 
T 
The change of e l e c t r o n  tempera- 
I____^ 
1/ ( 2 r + l )  
d = Hi( l+r )  [ 2 ( l + r ) ]  (A-8) 
The dependence of t h e  s l a b  th i ckness  on r is shown i n  Fig.  A-2. I t  i s  almost 
l i n e a r  i n  t h e  reg ion  of i n t e r e s t .  
The d i f f u s i o n  t r a n s p o r t  l aye r  i s  expected t o  apply  t o  t h e  reg ion  of t h e  
ionosphere  above t h e  F2 peak. 
above t h e  peak as 
Therefore,  t he  e l e c t r o n  conten t  can be computed 
I .  
2 
3 +8r +4r 
Na max Hi 2(1+r)  = N  
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The d i f f u s i o n  t r a n s p o r t  l a y e r  g ives  an  e l e c t r o n  d e n s i t y  which is t o o  small 
below t h e  peak. Perhaps a b e t t e r  m o d e l  is t h e  Chapman l a y e r  which g ives  t h e  
conten t  below t h e  peak, 
Nb 0.656 Hi (A- 10) 
L e t  us  choose a hybrid l a y e r  wi th  the d i f f u s i o n  t r a n s p o r t  l a y e r  above t h e  peak 
and t h e  Chapman l a y e r  below t h e  peak. The s l a b  th i ckness  of t h e  l a y e r  can be 
obta ined  from (A-9) and (A-10). Its dependence on r is shown i n  F ig .  A-2. 
For comparison purposes, t h e  s l a b  th ickness  of a pure Chapman l a y e r  i s  a l s o  
shown on t h e  same f i g u r e ,  
The r a t i o  of e l e c t r o n  conten t  above t h e  peak t o  t h a t  below t h e  peak is  
another  q u a n t i t y  of i n t e r e s t .  For t h e  hybr id  
Na 
2 
3 + 8r + 4:- 
2 
- =  
Nb 1.312(l+r)  
l a y e r  t h e  r a t i o  i s  
9 (A-11)  
which is 2.87 i f  r = 1 and 2.94 if r = 2. These r a t i o s  are l a r g e r  than  t h e  
exper imenta l  va lues  because (A-10) ignores  t h e  i o n i z a t i o n  con t r ibu t ion  from 
t h e  F and E reg ions  and because experiiiieiitally measnred content  i n  many cases 
is t h e  con ten t  below about 1000 km. Perhaps a b e t t e r ,  but  equa l ly  empir ica l ,  
model f o r  e l e c t r o n  conten t  below t h e  peak would be one wi th  a h igher  mul t ip ly ing  
f a c t o r  t h a n  t h a t  given by (A-10). 
1 
I 
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Fig .  1 
Fig.  2 
Fig.  3 
Fig.  4 
Fig. 5 
Fig. 6 
F ig .  7 
Fig .  8 
Fig.  A-1  
Fig.  A-2 
Table  1 
Table  2 
Histogram showing t h e  number of cases wi th  a g iven  per cen t  s t anda rd  
dev i a  t ion. 
Diurnal  v a r i a t i o n  of e l e c t r o n  con ten t .  The d o t s  i n d i c a t e  t h e  average 
content  f o r  which t h e  z e n i t h  angle  is less than  40° and c r o s s e s  when 
t h e  z e n i t h  ang le  is larger than 40°. 
(a )  1961 (b) 1962 (c) 1963 (d) 1964 
Seasonal v a r i a t i o n  of midday e l e c t r o n  conten t ,  Ju ly  1961 t o  December 
1962. 
Sunspot dependence of midday e l e c t r o n  con ten t .  Present  va lues  are 
shown by d o t s  f o r  years  1961-1964. Values  ob ta ined  earlier a t  t h e  
Un ive r s i ty  of I l l i n o i s  are also shown as d o t s  f o r  years 1958-1959 
(Yeh and Swenson, 1961). Va lues  ob ta ined  by o t h e r  au thors  are as 
shown. 
The average behavior  of e l e c t r o n  conten t  a f t e r  sunse t  f o r  t h e  per iod  
May 5-August 11, 1965. Replot ted from Klobuchar, Allen and Whitney 
(1965). 
Seasonal dependence of midday s l a b  th i ckness .  The conten t  va l l - s  
i s  obta ined  a t  Urbana, I l l i n o i s ,  t h e  peak d e n s i t y  a t  F t .  Monmouth, 
New J e r sey .  The long i tud ina l  c o r r e c t i o n  would lower t h e  va lue  of 
s l a b  th i ckness  by about twenty per c e n t .  S imi l a r  c o r r e c t i o n s  should 
apply t o  a l l  s l a b  th i ckness  va lues  presented i n  t h i s  paper.  
Diurnal  v a r i a t i o n  of s l a b  th ickness .  
Dependence of s l a b  th ickness  on magnetic index. 
The he igh t  of maximum e l e c t r o n  d e n s i t y  above the  lower boundary measured 
i n  scale he igh t  as a func t ion  of e lec t ron- to- ion  temperature r a t i o  i n  
a d i f f u s i o n  t r a n s p o r t  l a y e r .  
S l a b  th i ckness  a s  a func t ion  of e lec t ron- to- ion  temperature  r a t i o  i n  
a Chapman l a y e r ,  a d i f f u s i o n  t r a n s p o r t  layer and a hybrid l a y e r .  
2 
D /H and temperature  r a t i o  obta ined  from observa t ion  of e l e c t r o n  
conten t  decay a t  n igh t .  
S l a b  th i ckness  and t h e  e lec t ron- to- ion  temperature  r a t i o  a t  midday. 
The va lues  of s l a b  th ickness  are those  g iven  by Bhonsle e t  a l .  (1965). 
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